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TITLE OF THE INVENTION 

SYSTEM AND METHOD FOR HIGH THROUGHPUT 
MASS SPECTROMETRIC ANALYSIS 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the priority of U.S. 

Provisional Patent Application No. 60/128,509 filed, 

April 9, 1999 entitled SYSTEM AND METHOD FOR HIGH 

THROUGHPUT MASS SPECTROMETRIC ANALYSIS, the whole of 

which is hereby incorporated by reference herein. 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

20 

25 

30 

BACKGROUND OF THE INVENTION 

Recent   developments   in  microf abrication techniques 

have permitted the integration of    microminiature tools 

for biochemical analysis within a tiny device. Complete 

Chemical   processing   systems,   e.g.,    reaction chambers, 

separation   capillaries   and   their   associated electrode 

reservoirs, as well as certain types of detectors,  can be 

consolidated on a microchip of,  e.g.,   a  glass  or fused 

silica.       Such   "labs-on-a-chip,"   in   principle, permit 

effective     utilization     and    manipulation     of minute 

quantities of material.    Systems have been developed that 

permit the efficient transfer of nanoliter quantities or 

other    small    quantities    of   a   fluid   sample    from the 

spatially concentrated environment of a microscale device 

BNSDOCiD <WO    0062039A1 1 ^ 
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to "off-chip" analytical or collection devices without an 

increase in sample volume. (See, U.S. Patent No. 

5,872,010, the whole of which is hereby incorporated by 

reference herein.) However, methods for moving small 

quantities of samples from a sample vial or holder onto a 

chip or directly to an analytical device without either 

evaporation or dilution are less well developed. 

SUMMARY OF THE INVENTION 

In one aspect the invention is directed to a liquid 

handling infusion system comprising a microscale sample 

holder configured for holding multiple samples, the 

holder being situated in conjunction with a positioning 

system; a sample infusion capillary having an inlet end 

and an outlet end, the inlet end of said capillary being 

in alignment with one of the multiple samples in the 

sample holder; and a source of positive or negative 

pressure for applying the positive or negative pressure 

across    the    sample    infusion    capillary. In other 

embodiments, the infusion system further comprises an 

ESI chamber coupled to the outlet end of the sample 

infusion capillary, the sample infusion capillary 

further comprises a separation capillary, or the sample 

infusion capillary is a channel (open or closed) in a 

microfluidic device. 

In another aspect the invention is directed to a 

liquid handling reservoir system comprising a 

microfluidic device, the device comprising multiple 

microfabricated channels, each channel having an inlet 

end; a detachable reservoir manifold external to the 

device,   the   reservoir  having  at   least  one   opening for 
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fluid flow into and out of the reservoir, the reservoir 

being positioned so that the reservoir opening is 

proximate to an inlet end of a microfabricated channel 

in the device for fluid flow between the reservoir and 

5        the channel. 

The systems of the invention, alone or in 

combination, are suitable for moving small quantities of 

samples from a sample vial or holder onto a chip or 

directly to an analytical device, without either 

10 evaporation or dilution, and for providing for rapid and 

automated washing of the infusion capillaries and/or the 

complete system. 

The  samples may be transfered for electrospray-mass 

spectrometry analysis   (ESI/MS),  for atmospheric pressure- 

15 chemical ionization mass spectrometry analysis  (APCI/MS), 

for matrix assisted laser desorption ionization mass 

spectrometry (MALDI/MS), for nuclear magnetic resonance 

analysis (NMR), for pneumatically or ultrasonically 

assisted spray sample handling, for transfer to an off- 

20 chip     detection     system,      such     as electrochemistry, 

conductivity or laser induced fluorescence, or for 

collection of specific fractions, e.g., in collection 

capillaries or on collection membranes. 

The channels of any microdevice used may be arrayed 

25 in any format that allows for sequential or simultaneous 

processing of liquid samples. 

In any embodiment, each channel may include 

electrical contacts, so that an electric circuit path can 

be established along the channel. For example, one 

electrical contact can be on the entrance side of a 

channel and another electrical contact can be on the exit 

30 
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side. In an alternative arrangement, an electric circuit 

can be completed by an external contact, beyond the exit 

end of the channel. For example, if the exit port of a 

channel is used as an electrospray source for a mass 

5 spectrometer,   the mass  spectrometer sampling orifice can 

serve as the counter electrode- Samples can be 

transferred off chip for subsequent analysis by switching 

the electric current sequentially to each channel on the 

chip. 

10 Samples   can   be   introduced   into   a   channel   on the 

microscale device of the invention by a variety of 

methods, e.g., by pressure, electrokinetic injection, or 

other technique, and an electrical current and/or 

pressure drop can then be applied to cause the sample 

15 components  to migrate  along  the   channel.     The channels 

may function only for fluid transfer, e.g., to a mass 

spectrometer, or the channels can serve as environments 

for various types of sample manipulations, e.g., for 

micropreparative or analytical operations, such as 

20 capillary   electrophoresis    (CE),    chromatography   or the 

polymerase chain reaction (PGR), or for carrying out any 

type of sample chemistry. The channels may be filled 

with membrane or packing material to effectuate 

preconcentration or enrichment of samples or for other 

25 treatment  steps,   such  as desalting.     Furthermore, other 

modification of sample components, e.g., by enzymes that 

are covalently bound to the walls of a channel or are 

free in a channel, are possible. Packing material may be 

bound to the walls of the channels or may include other 

30 components,   such  as  magnetic  particles,   so  that  when a 

magnetic field is applied,  the magnetic particles retain 

BNSOOCC <WC 3O6203&A1 
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the packing material in place. The magnetic particles 

can also be used for efficient mixing of fluids inside 

the channels, using an external magnetic field. A 

micromachined filter or other stationary structure may 

also be employed to hold packing material in place. 

Alternatively, stationary structures can be 

micromachined, cast or otherwise formed in the surface oi 

a channel to provide a high surface area which can 

substitute for packing material. 

A sample can be introduced into a channel in a short 

starting zone or can fill the whole channel completely. 

Filling only a small part of the channel with the sample 

is preferable when an on-chip separation of sample 

components is to be carried out, such as electrophoresis 

15 or  chromatography.     Filling  the  whole  channel  with the 

sample may be advantageous in cases when off-chip 

analysis requires extended sample outflow, such as sample 

infusion/electrospray ionization for structure analysis 

by mass spectrometry. 

In many cases a liquid flow may be required to 

transport the analytes in a sample into a specific 

channel, or along the length of the channel, or out of 

the channel via an exit port. Therefore, to assist in 

the required fluid transfer, a pumping device may be 

incorporated into or associated with the microscale 

device of the invention. For example, a heating element 

can be used to cause thermal expansion, which will 

effectuate sample liquid movement, or a heating element 

can be used to generate a micro bubble, the expansion of 

which causes the sample to travel in the channel. Other 

options may include pumping by the pressure of a gas or 

EysiSDOCID <WO     0062039A1 I > 
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gases generated by on-chip electrolysis- Flow can be 

also generated by application of a pressure drop along a 

channel or by electroosmosis inside a channel. 

As samples move to the end of a channel, they can be 

5 subjected to detection or analysis at a site external to 

the microscale device of the invention by a variety of 

techniques, including mass spectroscopy, nuclear magnetic 

resonance, laser induced fluorescence, ultraviolet 

detection, electrochemical detection, or the like. The 

10 end   of   each   channel   may   include   a   tip   configured to 

facilitate transfer of the sample volume. 

The invention may be used in a  fluid sheath (e.g., 

liquid or gas)   or  sheathless mode  depending on  the type 

of analysis required and the size of the sample exiting a 

15 channel.     In a  sheathless  arrangement,   the  exit  port is 

formed at the end of the channel. When a liquid sheath 

is required (e.g., for the addition of a liquid, a 

chemical and/or a standard prior to electrospray or to 

provide electric connection via the sheath fluid), an 

20 exit   port   can   be   created   at   the   merge   point   of two 

channels,   one   supplying   the   sample   and   the   other the 

sheath  liquid.     Selective  analysis  of   analytes   in both 

the cationic and anionic modes can be performed easily by 

rapid switching of the polarity of the electric field. 

25 Different sized channels may be employed on the same 

microscale device. For example, larger channels may be 

used for cleanup operations, and smaller channels may be 

used     for    processing    operations. Moreover, other 

operations   can   be   performed   in   other   regions   of the 

30 device,     such     as     chemical     processing, separation, 

isolation or detection of a sample or a component of the 
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sample, prior to sample loading in a channel. Thus, it 

is possible to carry out sample chemistries or to conduct 

micropreparative and analytical operations on both a 

starting sample and its separated components within the 

device of the invention, prior to transfer of the sample 

or its components off chip for further analysis or 

collection. Additionally, detection of a sample may be 

carried out on the microdevice itself, e.g., by a fiber 

optic detection system, which can provide complementary 

control information for off-chip analysis and detection, 

or by any other suitable detector such as laser induced 

fluorescence, conductivity and/or electrochemical 

detector. 

Buffer reservoirs, reaction chambers, sample 

reservoirs, and detection cells may also be fabricated 

along with each individual channel. More complex 

structures can be created by stacking or otherwise 

assembling two or more microfabricated devices. In 

addition, individual instrument blocks such as sample 

reservoirs, pretreatment or separation channels, and exit 

ports can be micromachined separately and combined into 

one complete system in much the same way as hybrid 

integrated circuits in electronics are formed. 

Microfabrication techniques are precise and will allow 

25 for a high degree of reproducibility of selected channel 

and exit port shapes and dimensions. 

The microscale fluid handling system of the 

invention permits more efficient use of powerful 

analytical devices, such as the mass spectrometer, than 

is currently possible. In addition, the system of the 

invention can be manufactured as a disposable device that 

20 

30 
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is suitable for cost effective automation of the analysis 

of a large number of samples. Using this micromachined 

approach, high throughput analysis by mass spectrometry 

would be possible. In addition, handling of small 

volumes and quantities of samples would be facilitated, 

and consumption of valuable samples and reagents would be 

reduced. Applications include any laboratory analysis 

methods, especially where high throughput and 

minimization of cross-contamination are desirable, such 

as screening and diagnostic methods, and such other 

analytic methods as pharmacokinetics where fresh columns 

are required for each run. 

Other features and advantages of the invention will 

be apparent from the following description of the 

preferred embodiments thereof and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.    1   shows   a   high   throughput   continuous flow 

electrospray   interface    system   for   mass spectrometry, 

according to the invention; 

Fig.   2   shows   the   alignment   of   a   microtiter well 

plate sample holder in the system of the inventions- 

Fig.     3    shows    a    flow    through    washing device 

according to the inventions- 

Fig.   4   shows   a   liquid   handling   reservoir system 

according to the inventions- 

Fig.   5  shows  a  detail  of  the  sustem of  Fig.   4 in 

which a detachable manifold is  separated from a channel 

on the associated microdevice by a porous membrane; and 
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Fig. 6 shows the results of experiments carried out 

using the sustem of the invention. 

10 

15 

20 

25 

30 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
OF THE INVENTION 

The current acceleration of pharmaceutical research 

directed   to   identifying   new   drug   candidates   and the 

related    increase    in    the    number    of pharmacokinetic 

studies require suitable techniques for high throughput 

analysis.   In  addition  to  a  number  of   assays  based on 

optical   measurement,   mass   spectrometry   is   gaining in 

importance for pharmacokinetic studies as this technique 

can    provide    sensitivity    combined    with    speed, mass 

selectivity and  structural  information.   High throughput 

electrospray/MS   systems  predominantly  utilize   the flow 

injection mode of operation.    In this injection method, 

a   zone   of   sample   is   introduced   into   a   stream   of a 

carrying   fluid   (fluid   sheath)    for   transport   into the 

electrospray     source     for     ionization     and analysis. 

Typically,    a   modified    liquid    chromatography fluidic 

system   is   used   for   the   task.   Since   a   flow injection 

system    consists    of    a    number    of    relatively long 

connection  tubes,   relatively   large   sample   volumes are 

required  for  analysis.   Frequently,   more  than   10   uL of 

sample    is    consumed   per   analysis,    although    only a 

fraction of this amount is required to be electrosprayed 

to   generate   useful    information.    One   analysis cycle 

consists  of  system  loop  filing,   injection/analysis and 

washing.   After  the  analysis,   the  whole   fluidic system 

t   be   washed   to   prevent   contamination   of   the next must 

BNStXXlD <W0    0062039A1 I > 



wo 00/62039 
PCT/USOO/09480 

- 10 - 

injected sample. Typically, analysis cycles of 40-60 sec 

can be achieved, but the time for actual analysis and 

data collection will only be a few seconds, as most of 

the cycle time will be used for system flushing. Thus, 

5 the main disadvantage of the  flow  injection system are 

large sample volume consumed;  low duty cycle as a large 

part   of   the   analysis   time   is   lost   during   the system 

washing;  time for analysis limited by sample loop size; 

and limited use of low volume microtiter well plates. 

10 The infusion system of the invention, schematically 

shown    in    Fig.    1,    is    based    on    the subatmospheric 

electrospray    interface    described     in     pending U.S. 

Application No. 08/784,400,  the whole of which is hereby 

incorporated  by  reference  herein.      The   system  of the 

15        invention  is  useful,   e.g.,   for  high  throughput  ESI/MS 

analysis of small  (submicroliter)  sample volumes without 

the  abov-mentioned  limitations.     Referring  to  Fig. 1, 

the   system  of   the   invention   consists   of   a microtiter 

well plate 2, vertically arranged on an XYZ stage 1 and 

20        interfaced to an ion trap mass spectrometer by a fixed 

subatmospheric ESI-microsprayer 4.   The  infusion flow is 

achieved through the application of a vacuum inside the 

spray chamber.    A simple flow through wash reservoir 3 

is inserted between the ESI-interface and the microtiter 

25        plate, allowing for external as well as internal washing 

of  the   infusion  capillary.   Wash  reservoir  3, machined 

from a Teflon block,  is connected by Teflon tubing to a 

syringe  pump  containing  the  appropriate  wash solution. 

The infusion capillary passes through the opening of the 

30 wash   device   reservoir,    thus   allowing   back   and forth 
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movement of the wash device over the inlet of the 

infusion capillary. 

The system uses one capillary (e.g, 10 mm - 10 cm, 

with an id of 10-100 pm) for both the sample aspiration 

and electrospray ionization. Alternatively, the 

electrospray chamber can be operated at atmospheric 

pressure, and the sample flow generated by pressurizing 

the sample inlet side. As shown in Fig. 2, by 

positioning  the  microtiter  well  plate  vertically, the 

10 length     of     the     sampling/ESI     capillary can be 

significantly reduced, resulting in lower sample 

consumption. Once this capillary is dipped into the 

sample, the lower pressure in the ESI chamber will cause 

sample flow. The ESI capillary is connected to a high 

.5 voltage power supply that results in electrospray of the 

sample at the tip. The capillary remains in the sample 

vial and continuously feeds sample tot he mass 

spectrometer until sufficient information is obtained, 

and the stage then moves to the next sample position for 

20 the  next   analysis.   To  avoid  contamination  of  the next 

sample, the ESI capillary is washed in a flow through 

reservoir during the sample position change as shown in 

Figure 3. A computer-controlled valve can be used to 

adjust the pressure in the ESI chamber to control the 

25 sample and washing fluid flows, respectively. 

Since the internal volume of the sample/ESI 

capillary is only a few nL (10-200), very small sample 

amounts are consumed. At the same time, the useful 

signal can be observed as long as required, since the 

sample is not carried into the electrospray as a zone in 

the  mobile  phase,   but   delivered   as   a   continuous flow 
30 
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directly from the sample vial. Very high duty cycle 

(over 80%) can be obtained and sample throughput of more 

than one sample per 5 seconds can easily be achieved. 

Since the uccful MS signal can be observed as long as 

the ESI capillary is in the sample well, a simple 

control software can be used to decide if MS/MS analysis 

is required. There is no need for a new sample injection 

or flow programming which would be required in a 

conventional flow injection system. 

As a logical extension of the technique, one can 

also envision that the electrospray capillary be 

substituted by a miniaturized separation system. For 

example, a separation column or a microdevice (lab-on-a- 

chip) suitable for sample preparation and separation 

(CE, CEC, LC, lEF) can be used in place of the sampling 

capillary for multi-dimensional analysis of complex 

mixtures. 

The practical use of microfabricated-microfluidic 

devices requires reservoirs for storage of chemical 

reagents, electrolytes and samples to be analyzed. The 

devices currently under development typically integrate 

such reservoirs directly on the microfabricated device 

(typically made of glass or plastic), mostly in the form 

of holes drilled into the surface of the microdevice. 

Such a design is suitable only for disposable 

microdevices since such reservoirs have limited volume 

and cannot be easily replenished after the analysis. At 

the same time, the fabrication procedures (drilling and 

gluing)  increase the cost of the microdevice. 

For   devices   intended   for   repetitive   analyses or 

handling of different samples,  the volume of the on-chip 
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reservoirs would likely not be sufficient. 

Additionally, the small volume of the on-chip reservoirs 

may suffer from adverse effects of evaporation and 

electrolysis when electrokinetic transport is used. 

5 Thus,  in another aspect,  the invention is also directed 

to a new system consisting of a microfabricated device 

and an external manifold of electropneumatic reservoirs, 

one embodiment of the system of the invention (designed 

for capillary electrophoresis with a liquid junction 

10 interface)  is shown in Fig. 4. 

Referring    to    Fig.     4,     in    the    system    of the 

invention,    a   plastic   manifold   1   of electropneumatic 

reservoirs, with attached electrodes 2,  serves also as a 

mounting base for microdevice 3.    A sample is introduced 

15 into the microdevice  via  a  sample  inlet  7.     The fluid 

connection  between   reservoirs   in  the  manifold  and the 

microdevice is  facilitated by channel openings 4  on the 

edge  of  the microdevice   3,   and  sealing  is  achieved by 

miniature  o-rings   5  placed   into  the   grooves   6   of the 

manifold.       This   arrangement   eliminates   the   need for 

drilling   holes   into   the   microdevice   and   can   be used 

universally for practically all microdevice designs with 

single or multiple channels.     The example in  Fig.   4 is 

designed   for   off-chip   transport,   via   an electrospray 

interface,     and    subsequent     detection;     however, the 

identical  system can be  used  for any other application 

of     a    microfluidic    device     with     on-     or off-chip 

fluorescence,    (UV,   electrochemical,   conductivity, etc.) 

detection.     If  electric  connection  is  required without 

30 liquid     transport     between     the     manifold     and the 

microdevice,  a piece of a membrane can be placed between 

20 

25 
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the microdevice and the o-ring. Such a membrane can 

also serve as a selective barrier for ions of desired 

properties - size, affinity, etc. or can be used for 

sample preconcentration and/or delivery of chemical 

reagents     Such an arrangement is shown in Fig. 5. 

Fig.    5    shows    a    channel    1    on    the microdevice 

separated  from the plastic manifold 2  by a membrane 3. 

The   leak-free   sealing   is   facilitated   by   an   o-ring 4 

placeg  between membrane  3   and  the  plastic  manifold 2. 

If the membrane is permeable to the solvent,  it can also 

be   used   for   osmotic   or   electroosmotic   pumping  of the 

liquid   from   (to)   the  external   reservoir   to   (from) the 

channel  on the microdevice.     The osmotic pumping would 

be initiated by a difference in the chemical potentials 

of   the   liquids   in   the   microdevice   and   the external 

reservoirs.      For   electroosmotic  pumping,   the membrane 

should  have  a  surface  charge   (ion  exchange membrane). 

In  such   a   case,   the  liquid  flow  can  be   initiated by 

application of an electric field on the membrane. 

The disclosed device has been successfully applied 

for analysis of proteins, peptides and chemical 

libraries. An example of the analysis of the protein 

tryptic digests is in Fig. 6, which shows an example of 

eight consecutive CE separations of protein digests with 

the microfabricated system described in this disclosure. 

The separation channel was washed after each analysis. 

Detection was by ESI/MS. 

The described design will be useful for all 

applications where the capacity of the on-chip 

reservoirs is insufficient for practical use and where 

pneumatic fluid control is required.     Such applications 



wo 00/62039 
PCTAJSOO/09480 

- 15 - 

include, but are not limited to, sample fraction 

collection, drug screening, flow cytometry, protein and 

DNA analysis. 

The following examples are presented to illustrate 

the advantages of the present invention. These examples 

are not intended in any way otherwise to limit the scope 

of the invention. 

EXAMPLE I 

High Throughput Microtiter Plate Electrospray 
Mass Spectrometry Infusion System 

The   described   system   (Fig.    1)    is   based   on the 

coupling   of   commercially   available   microtiter plates 

(96/384/1536   etc.)   to   a   subatmospheric   ESI-interface, 

allowing    for     sample     introduction     into    the mass 

spectrometer  without   the   use   of   an   external pressure 

source.   The  samples  are  stored  in  a  microtiter plate, 

arranged  vertically on  a  three  dimensional translation 

stage  in  front  of the sampling  interface.  The infusion 

system   was    successfully   applied   to    the   purity and 

identity    control    of    combinatorial    libraries. Sample 

turnaround times of 5-10 sec/sample,  with 100 nL sample 

consumption per analysis, were achieved. Applications in 

combinatorial chemistry,  such as mass identity analysis 

for  HPLC  fractions,   as well as  raw  synthesis products 

are shown. 

Ins 'tniaien tation 

The infusion system consisted of a motorized XYZ- 

stage that positioned a sample containing microtiter 

plate in front of a subatmospheric microsprayer. Samples 

introduced  directly  into  the microsprayer, formed were 
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by a short piece of fused silica capillary (7 cm, 27m 

ID, 365 m OD) obtained from Polymicro Technologies 

(Phoenix, AZ) . The spray tip was etched by concentrated 

HF solution. The motorized XYZ-stage was assembled from 

3 individual Posi-drive stages (Deltron, Bethel, CT) , 

connected to NEMA size 23 stepper motors (AMSI Corp., 

Smithtown, NY ) and high speed chopper drivers for the 

stepper motors  (AMSI Corp.). 

The subatmospheric ESI-microspray interface and 

washing device were designed in house. The wash device 

was machined from Teflon, and attached with an aluminum 

extension arm to the Z stage. High voltage was achieved 

by contact through a stainless steel electrode in the 

wash solution. Vacuum was controlled with two pneumatic 

switches   (NV   J   114,SMC,   Indianapolis,    IN).   A LabView 

(National Instrument Corp., Austin, TX) software program 

controlled   automatic   as  well   as  manual   operations of 

translation stage and pneumatic switches. 

Mass Spectram*try 

Electrospray mass spectra were acquired on a 

Finnigan LCQ ion trap mass spectrometer (San Jose, CA) , 

equipped with an ESI source. The conventional ESI 

assembly was replaced with the subatmospheric microspray 

interface for sample delivery placed in the axis 2-3 mm 

from the heated capillary (held at 200 C). Solutions 

were sprayed with a potential of +2 kV. Data acquisition 

was performed in the full scan mode (m/z: 200-2000), and 

in the MS/MS mode for cross contamination studies. 

Materials 
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Angiotensin standards and verapamil were purchased 

from Sigma (St Louis, MO). HPLC grade methanol and 

acetonitrile were obtained from Fisher and glacial 

acetic acia was obtained from J.T. Baker (Phillipsburg, 

5 PA). Deionized water was generated in house with 

Millipore Alpha Q water purifier (Millipore, Medford, 

MA). Combinatorial HPLC fractions from ArQule (Woburn, 

MA) as well as raw synthesis samples from CombiChem (San 

Diego, CA) were received in deep well 96 microtiter 

10 plates. 

Sample Preparations 

Angiotensin standards: A stock solution of 1 mg/ml 

angiotensin in water was made up and diluted to a final 

concentration of 0.05 mg/mL in 50% (v/v) methanol, 49.5 

%  (v/v)  water and 0.5%  (v/v)  acetic acid (v/v/v). 

The samples obtained from ArQule were prepared as 

follows: 96 well plate: 10 L of original sample ( ~ 80% 

(V/v) acetonitrile/ ~ 20% (v/v) H2O/ -1-2% (v/v) TFA) 

diluted with 10 L of 100 % (V/v) acetonitrile and 

transferred by an 8 channel pipette into a conical 

shaped PCR plate. The samples obtained from CombiChem 

were prepared as follows: 96 well plate: 1 L of original 

sample (100 % (v/v) DMSO) were diluted with 99 L of 75% 

25 (v/v)   acetonitrile/ 24%   (v/v)  H2O/  1%   (v/v)   acetic acid 

and transferred by an 8 channel pipette into a conical 

shaped PCR plate. 

Ins'trument Design 

30 The system was designed to  eliminate all possible 

sources   of   dead   volume   present   in   conventional FIA 

15 

20 
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autosampler systems, e.g. transfer lines from microtiter 

plate to injector loop and from injector loop to MS. The 

design was based on a subatmospheric ESI-microspray 

interface, which operated unassisted, e.g. without 

5 external pressure source or sheath liquid.  The interface 

was similar to the ESI interface developed previously 

for CE-MS analysis. The device used consisted of a short 

(-7 cm) narrow bore (27m ID) fused silica capillary, 

incorporated  in  Plexiglas  housing.   The capillary, which 

10 represented   spray   tip   as   well   as   transfer capillary, 

held a volume of - 70 nL, and the Plexiglas housing was 

cut to fit gas tight over the orifice of the Finnigan 

LCQ ion trap MS. The flow was generated through the 

pressure   difference   between   the   subatmospheric spray 

15 chamber   (outlet)   and   the   atmospheric   pressure   at the 

inlet of the capillary. Two computer controlled 

pneumatic pressure switches were used for rapid pressure 

changes in the ESI-chamber. Both switches could be 

individually  actuated,   resulting  in a  zero  flow option 

20 and two flow  rates options   (Figure 2.3).   The  high flow 

rate, -IviL/min, was used for flushing of the ESI- 

capillary, and the low flow rate of < 250 nL/min was 

used for sample analysis. In order to maintain the 

transfer/spray    capillary   as    short   as    possible, the 

25 sample  containing  the microtiter well  plate  was placed 

vertically in front of the ESI interface. Furthermore, 

to eliminate unnecessary sample transfer steps, the 

system was designed to support standardized microtiter 

plates commonly used in sample synthesis and processing. 

30 One   concern   with   arranging   the   microtiter plate 

vertically was maintaining the  sample  liquid inside the 
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sample well (i.e., no sample flow out of the well). As a 

test, the wells were filled with 100 L of the respective 

spray/sample solution and vertically arranged. The 

plates, covered with a thin PVC sealing film in order to 

prevent evaporation, were monitored for possible sample 

leakage over the period of one hour. The results of 

this test showed that common spray solutions, such as 

solutions of 75 % (v/v) methanol as well as pure 

acetonitrile, showed no leakage. 

This experiment demonstrated that for V-bottom 96 

well plates the capillary forces and surface tension are 

sufficiently strong to retain common spray solutions 

inside the wells. The thin sealing film was also pre- 

pierced by razor blades before the analysis, as piercing 

15 of     the     film    with     the     sampling     capillary could 

contaminate or plug the capillary. The microtiter well 

plate was placed in front of the fixed subatmospheric 

sprayer, m a holder that was casted from epoxy, and 

then  mounted on a  computer  controlled three-dimensional 

20 translation stage. 

A major concern in high throughput analysis is 

cross contamination of the sample flow path from 

previous samples. To avoid such problems, all parts 

which were in contact with sample solution, such as the 

inlet of the capillary, were washed on the inside as 

well on the outside of the capillary after each run. The 

wash device, shown in Fig. 2, was machined from a single 

Teflon block, with a flow-through channel coupled to a 

syringe pum.p. An opening was made perpendicular to the 

flow-through channel, to allow the fixed sampling 

capillary '.c operate smoothly through the flow channel. 

25 

30 
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The washing device was mounted on the Z-translation 

stage, allowing back and forth movement over the inlet 

of the capillary. 

Sample Analysis 

As discussed in the Introduction, two different 

methods of infusion MS analysis are known: flow 

injection analysis or direct infusion analysis. The 

advantage of the instrument described herein is the 

ability to operate, fully automated, in both modes. Due 

to the small size of the sampling/spray capillary and 

the possibility of varying the flow rate (70 nL total 

volume, flow rate 0 -1000 nL/min) , the system could be 

partially or fully filled, without large sample 

consumption or slow turnaround times. 

For the first experiment, the instrument was first 

set to run m the direct infusion mode. A 96 well plate 

was filled with solutions of angiotensin standards and 

infused directly into the ESI capillary. High sample 

flow was used for complete capillary filling. During 

this step, no signal was monitored, as the flow was too 

high to generate a stable unassisted micro-electrospray. 

After complete filling of the capillary, the flow was 

decreased to 250 nL/min, and the electrospray was 

stabilized within less than 1 second, yielding analyte 

signal. 

After complete filling, the capillary inlet entered 

the washing device while the translation stage moved to 

the next well. During this operation, data was acquired, 

and the flow of wash solution was maintained at 250 

nL/min.    The   plug   of   infused   wash   liquid represented 
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about 30 nL (1/3 of the total capillary volume), and 

since the capillary was flushed with the new sample 

before the next analysis, no cross contamination of the 

mass spectra was observed. With -2.5 sec/sample used 

5 for data acquisition,  the resulting duty cycle was ~ 30 

%, with a total sample consumption of about 100 nL. In 

the present system, the signal could be observed as long 

as desired, spending short time to acquire strong 

signals or a longer time to acquire weak signals of low 

10 concentration samples. Thus,  to increase duty cycle, the 

instrument had been set to run at a turnaround time of 

10 sec/sample. This timing resulted in 12 scans per 

sample and an increase in duty cycle to 40%. 

Direct infusion consumed -100 nL of sample per analysis, 

15 which was on the order of a micro FIA analysis. To 

demonstrate the instruments capability of the instrument 

to operate with even lower sample consumption  (~ 20nL 

sample),  a partial capillary filling method was 

developed.  The flow rate for sample infusion as well as 

20 wash solution infusion was - 250 nL/min. After plug 

injection, the capillary inlet entered the washing 

device, and the translation stage moved to the next 

sample well.  During this operation, data was acquired, 

and the flow of the wash solution was maintained at 250 

25 nL/min flowrate. The ESI-capillary was washed with about 

50 nL of wash solution (-2/3 of the total capillary 

volume). 

BNSDOCirJ <WO     0062039A1 I > 



wo 00/62039 PCT/USOO/09480 

- 22 - 

REFERENCES 

Wang,   T.Z.,   L;.Strader,   T.;   Burton,   L.;   Kassel, D. 
5 B.,    Rapid.   Comm.   Mass.   Spectrom.,12    (1998).   p. 1123- 

1129. 

D.Jed    Harrison,     A.v.B.,     Micro     Total Analysis 
Systems  '98^^   199B,  London:  Kluwe Academic Publishers. 

10 
Anderson,   M.A.,   T.   Wachs,   and  J.D.   Henion,   J Mass 

Spectrom,32  (1997). p. 152-8. 

Schultz,   G.A.C.,  T.N.  A Fully Integrated Monolithic 
15 Microchip-based    Electrospray   Device    For Microfluidic 

Separations. in The 41th ASMS Conference on 
Ma SB Spectrometry And Allied Topics.  1999.  Dallas, TX. 

Zhang,  B.,   et ai..  Anal Chem,ll  (1999). p. 3258-64. 
20 Weinmann, W.  and M.  Svoboda,  J AnaJ Toxicoi,22 (1998). 

p. 319-28. 

25 
While  the   present   invention   has   been  described in 

conjunction with a preferred embodiment,   one of ordinary 

skill,  after reading the foregoing specification,  will be 

able     to    effect     various     changes,     substitutions of 

30 equivalents,   and   other   alterations   to   the compositions 

and methods set forth herein. It is therefore intended 

that the protection granted by Letters Patent hereon be 

limited only by the appended claims and equivalents 

thereof. 

35 

BNSDOCID <WC X62C35A' 



wo 00/62039 
PCT/USOO/09480 

- 23 - 

CLAIMS 

What is claimed is: 

1.      An    automated    liquid    handling    infusion system 

5 comprising 

a microscale sample holder,   said holder configured 

for holding multiple samples,  said holder being situated 

in   conjunction   with   a   positioning   system   capable of 

automated operation; 

10 a sample  infusion capillary,   said capillary having 

an inlet end and an outlet end, said inlet end of said 

capillary being in alignment with one of said multiple 

samples in said sample holder; and 

a   source   of   positive   or   negative   pressure for 

15 applying said positive or negative pressure across said 

sample infusion capillary. 

2. The liquid handling infusion system of claim 1, 

wherein said microscale sample holder is a microtiter 

20 well plate. 

3. The liquid handling infusion system of claim 1, 

wherein said positioning system is a computer controlled 

translation stage. 

25 

BNSDOCID <W0    0062039A1 I > 



wo 00/62039 PCT/USOO/09480 

- 24 - 

4. The liquid handling infusion system of claim 1, 

wherein said sample infusion capillary is 2-200 mm long 

with internal diameter of 2-200 micrometers. 

5. The liquid handling infusion system of claim I, 

wherein said sample infusion capillary is a capillary 

array for parallel infusion of several samples. 

6. The liquid handling infusion system of to claim 1, 

wherein said infusion capillary is configured for 

washing between analyses by a washing device. 

7. The liquid handling infusion system of claim 6, 

wherein a washing reservoir of said washing device is 

attached to the positioning system. 

8. The liquid handling infusion system of claim 6, 

wherein a washing reservoir of said washing device is a 

part of the sample holder. 

9. The liquid handling infusion system of claim 1, 

further comprising a chamber coupled to the outlet end 

of said sample infusion capillary. 

10. The liquid handling infusion system of claim 9, 

wherein the pressure in 

the chamber can be regulated. 

11. The liquid handling infusion system of claim 9, 

wherein the chamber is an electrospray chamber. 
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12. The liquid handling infusion system of claim 9, 

wherein the chamber is a chamber for sample deposition 

on a movable surface. 

13. The liquid handling infusion system of claim 1, 

wherein said sample infusion capillary further comprises 

a separation capillary. 

14. The liquid handling infusion system of claim 1, 

wherein said sample infusion capillary is a channel in a 

microfluidic device. 

15. The liquid handling infusion system of claim 14, 

wherein said channel is open. 

16. The liquid handling infusion system of claim 14 

where the said channel is filled with an adsorbant 

packing. 

20 17.    A liquid handling reservoir system comprising 

a microfluidic device, said device comprising 

multiple microfabricated channels, each said channel 

having an inlet end; 

a   detachable   reservoir   manifold   external   to said 

25 device,   said  reservoir  having   at   least   one   opening for 

fluid flow into and out of said reservoir, said 

reservoir positioned so that said reservoir opening is 

proximate to an inlet end of a microfabricated channel 

in said device for fluid flow between said reservoir and 

3C said channel; and 

15 
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a source of positive or negative pressure for 

applying said positive or negative pressure across said 

system. 

18. The reservoir system of claim 17, wherein the 

volume of the reservoirs is in the range of 10 to 10,000 

microliters. 

19. The reservoir system of claim 17, wherein the 

detachable reservoir manifold provides both pneumatic 

and electrokinetic sample introduction. 

20. The reservoir system of claim 17,  wherein the 

detachable reservoir manifold allows washing of the 

channels on the microdevice. 

21. The reservoir system of claim 17,  wherein the 

reservoirs of the manifold are separated from the 

microfluidic device by a semipermeable membrane. 

22. The reservoir system of claim 17, wherein the 

membrane is used for electroosmotic pumping of the 

liquid to or from the manifold to the microfluidic 

device. 

23. The reservoir system of claim 17, wherein the 

membrane is used for sample preconcentration. 

24. The reservoir system of claim. 17,  wherein the 

membrane contains an immobilized reagent for sample 

modification. 
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25. The reservoir system cf claim 17,  wherein the 

reagent is an enzyme. 

26. The reservoir system of claim 17,  wherein the 

reagent is forming a fluorescence label on the analyzed 

molecules. 
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TITLE OF THE INVENTION 

SYSTEM AND METHOD FOR HIGH THROUGHPUT 
MASS SPECTROMETRIC ANALYSIS 

CROSS REFERENCE TO RELATED APPLICATIONS 

This    application    claims    the    priority    of U.S. 

10 Provisional    Patent   Application   No.    60/128,509 filed, 

April 9, 1999 entitled SYSTEM AND METHOD FOR HIGH 

THROUGHPUT MASS SPECTROMETRIC ANALYSIS, the whole of 

which is hereby incorporated by reference herein. 

15 
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR 

DEVELOPMENT 

20 BACKGROUND OF THE INVENTION 

Recent developments in microfabrication techniques 

have permitted the integration of microminiature tools 

for biochemical analysis within a tiny device. Complete 

chemical   processing   systems,    e.g.,    reaction chambers, 

25 separation   capillaries   and   their   associated electrode 

reservoirs, as well as certain types of detectors, can be 

consolidated on a microchip of, e.g., a glass or fused 

silica. Such "labs-on-a-chip," in principle, permit 

effective     utilization     and     manipulation     of minute 

30 quantities of material.    Systems have been developed that 

permit the efficient transfer of nanoliter quantities or 

other small quantities of a fluid sample from the 

spatially concentrated environment of a microscale device 
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to "off-chip" analytical or collection devices without an 

increase in sample volume. (See, U.S. Patent No. 

5,872,010, the whole of which is hereby incorporated by 

reference herein.) However, methods for moving small 

quantities of samples from a sample vial or holder onto a 

chip or directly to an analytical device without either 

evaporation or dilution are less well developed. 

SUMMARY OF THE INVENTION 

In one aspect the invention is directed to a liquid 

handling infusion system comprising a microscale sample 

holder configured for holding multiple samples, the 

holder being situated in conjunction with a positioning 

system; a sample infusion capillary having an inlet end 

and an outlet end, the inlet end of said capillary being 

in alignment with one of the multiple samples in the 

sample holder; and a source of positive or negative 

pressure for applying the positive or negative pressure 

across    the    sample     infusion    capillary. In other 

embodiments, the infusion system further comprises an 

ESI chamber coupled to the outlet end of the sample 

infusion capillary, the sample infusion capillary 

further comprises a separation capillary, or the sample 

infusion capillary is a channel (open or closed) in a 

microfluidic device. 

In another aspect the invention is directed to a 

liquid handling reservoir system comprising a 

microfluidic device, the device comprising multiple 

microfabricated channels, each channel having an inlet 

end; a detachable reservoir manifold external to the 

device,   the   reservoir  having   at   least   one   opening for 
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fluid flow into and out of the reservoir, the reservoir 

being positioned so that the reservoir opening is 

proximate to an inlet end of a microfabricated channel 

in the device for fluid flow between the reservoir and 

5 the channel. 

The systems of zi^^ inv'=^ntion, alone or in 

combination, are suitable for moving small quantities of 

samples from a sample vial or holder onto a chip or 

directly    to     an     analytical     device,     without either 

10 evaporation or dilution,   and  for providing for rapid and 

automated washing of the infusion capillaries and/or the 

complete system. 

The samples may be transfered for electrospray-mass 

spectrometry analysis   (ESI/MS),   for atmospheric pressure- 

15 chemical ionization mass spectrometry analysis   (APCI/MS), 

for matrix assisted laser desorption ionization mass 

spectrometry (MALDI/MS), for nuclear magnetic resonance 

analysis (NMR), for pneumatically or ultrasonically 

assisted  spray  sample  handling,   for  transfer  to  an off- 

20 chip     detection      system,      such     as electrochemistry, 

conductivity or laser induced fluorescence, or for 

collection of specific fractions, e.g., in collection 

capillaries or on collection membranes. 

The channels of any microdevice used may be arrayed 

25 in any format that allows  for sequential or simultaneous 

processing of liquid samples. 

In any embodiment, each channel may include 

electrical contacts, so that an electric circuit path can 

be   established   along   the    channel.       For   example, one 

30 electrical   contact   can   be   on   the   entrance   side   of a 

channel and another electrical contact can be on the exit 
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side. In an alternative arrangement, an electric circuit 

can be completed by an external contact, beyond the exit 

end of the channel. For example, if the exit port of a 

channel is used as an electrospray source for a mass 

spectrometer, the mass spectrometer sampling orifice can 

serve    as    the    counter    electrode. Samples    can be 

transferred off chip for subsequent analysis by switching 

the electric current sequentially to each channel on the 

chip. 

Samples can be introduced into a channel on the 

microscale device of the invention by a variety of 

methods, e.g., by pressure, electrokinetic injection, or 

other technique, and an electrical current and/or 

pressure drop can then be applied to cause the sample 

components to migrate along the channel. The channels 

may function only for fluid transfer, e.g., to a mass 

spectrometer, or the channels can serve as environments 

for various types of sample manipulations, e.g., for 

micropreparative or analytical operations, such as 

capillary electrophoresis (CE), chromatography or the 

polymerase chain reaction (PGR), or for carrying out any 

type of sample chemistry. The channels may be filled 

with membrane or packing material to effectuate 

preconcentration or enrichment of samples or for other 

treatment steps, such as desalting. Furthermore, other 

modification of sample components, e.g., by enzymes that 

are covalently bound to the walls of a channel or are 

free in a channel, are possible. Packing material may be 

bound to the walls of the channels or may include other 

components, such as magnetic particles, so that when a 

magnetic  field is applied,   the magnetic particles retain 
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the packing material in place. The magnetic particles 

can also be used for efficient mixing of fluids inside 

the channels, using an external magnetic field. A 

micromachined filter or other stationary structure may 

5 also   be   employed   to   hold   packing   material   in place. 

Alternatively,        stationary        structures        can be 

micromachined,  cast or otherwise formed in the surface of 

a   channel   to   provide   a   high   surface   area   which can 

substitute for packing material. 

10 A sample can be introduced into a channel in a short 

starting zone or can fill the whole channel completely. 

Filling only a small part of the channel with the sample 

is preferable when an on-chip separation of sample 

components is to be carried out, such as electrophoresis 

15 or  chromatography.      Filling  the whole  channel  with the 

sample   may    be    advantageous    in    cases    when off-chip 

analysis requires extended sample outflow,   such as sample 

infusion/electrospray   ionization   for   structure analysis 

by mass spectrometry. 

20 In   many   cases   a   liquid   flow   may   be   required to 

transport the analytes in a sample into a specific 

channel, or along the length of the channel, or out of 

the channel via an exit port. Therefore, to assist in 

the required fluid transfer, a pumping device may be 

25 incorporated    into    or    associated    with    the microscale 

device of the invention. For example, a heating element 

can be used to cause thermal expansion, which will 

effectuate sample liquid movement, or a heating element 

can be used to generate a micro bubble, the expansion of 

30 which causes the sample to travel in the channel. Other 

options may include pumping by the pressure of a gas or 
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gases generated by on-chip electrolysis. Flow can be 

also generated by application of a pressure drop along a 

channel or by electroosmosis inside a channel. 

As samples move to the end of a channel, they can be 

subjected to detection or analysis at a site external to 

the microscale device of the invention by a variety of 

techniques, including mass spectroscopy, nuclear magnetic 

resonance, laser induced fluorescence, ultraviolet 

detection, electrochemical detection, or the like. The 

end of each channel may include a tip configured to 

facilitate transfer of the sample volume. 

The invention may be used in a fluid sheath (e.g., 

liquid or gas) or sheathless mode depending on the type 

of analysis required and the size of the sample exiting a 

channel. In a sheathless arrangement, the exit port is 

formed at the end of the channel. When a liquid sheath 

is required (e.g., for the addition of a liquid, a 

chemical and/or a standard prior to electrospray or to 

provide electric connection via the sheath fluid), an 

exit port can be created at the merge point of two 

channels, one supplying the sample and the other the 

sheath liquid. Selective analysis of analytes in both 

the cationic and anionic modes can be performed easily by 

rapid switching of the polarity of the electric field. 

Different sized channels may be employed on the same 

microscale device. For example, larger channels may be 

used for cleanup operations, and smaller channels may be 

used     for    processing     operations. Moreover, other 

operations can be performed in other regions of the 

device, such as chemical processing, separation, 

isolation or detection of a sample or a component of the 
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sample, prior to sample loading in a channel. Thus, it 

is possible to carry out sample chemistries or to conduct 

micropreparative and analytical operations on both a 

starting sample and its separated components within the 

5 device of the invention,  prior to transfer of the sample 

or its components off chip for further analysis or 

collection. Additionally, detection of a sample may be 

carried out on the microdevice itself, e.g., by a fiber 

optic detection system, which can provide complementary 

10 control  information for off-chip analysis and detection, 

or by any other suitable detector such as laser induced 

fluorescence, conductivity and/or electrochemical 

detector. 

Buffer     reservoirs,      reaction     chambers, sample 

15 reservoirs,   and  detection  cells  may  also  be fabricated 

along with each individual channel. More complex 

structures can be created by stacking or otherwise 

assembling two or more microfabricated devices. In 

addition, individual instrument blocks such as sample 

20 reservoirs,  pretreatment or separation channels,   and exit 

ports can be micromachined separately and combined into 

one complete system in much the same way as hybrid 

integrated circuits in electronics are formed. 

Microfabrication techniques are precise and will allow 

25 for a  high degree of reproducibility of selected channel 

and exit port shapes and dimensions. 

The    microscale     fluid     handling     system    of the 

invention     permits    more     efficient     use     of powerful 

analytical  devices,   such  as  the mass  spectrometer, than 

30 is  currently  possible.      In  addition,   the   system  of the 

invention can be manufactured as a disposable device that 
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is suitable for cost effective automation of the analysis 

of a large number of samples. Using this micromachined 

approach, high throughput analysis by mass spectrometry 

would be possible. In addition, handling of small 

5 volumes  and quantities  of  samples  would be facilitated, 

and consumption of valuable samples and reagents would be 

reduced. Applications include any laboratory analysis 

methods, especially where high throughput and 

minimization  of   cross-contamination   are   desirable, such 

10 as    screening   and   diagnostic   methods,    and   such other 

analytic methods as pharmacokinetics where fresh columns 

are required for each run. 

Other features  and advantages  of the invention will 

be    apparent    from    the    following    description    of the 

15 preferred embodiments thereof and from the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 Fig.    1   shows   a   high   throughput   continuous flow 

electrospray interface system for mass spectrometry, 

according to the invention; 

Fig.   2   shows   the   alignment   of   a   microtiter well 

plate sample holder in the system of the invention; 

25 Fig.     3    shows     a    flow     through    washing device 

according to the invention; 

Fig.    4   shows   a   liquid   handling   reservoir system 

according to the invention; 

Fig.   5  shows  a   detail   of   the   sustem  of   Fig.   4 in 

30 which  a  detachable manifold  is   separated  from a channel 

on the associated mdcrodevice by a porous membrane; and 

BNSDOC'C <WC     X)62C39A' A> 



wo 00/62039 
PCT/USOO/09480 

- 9 - 

Fig.  6 shows the results of experiments carried out 

using the sustem of the invention. 

5 DESCRIPTION OF THE PREFERRED EMBODIMENTS 
OF THE INVENTION 

The current acceleration of pharmaceutical research 

directed   to   identifying   new   drug   candidates   and the 

10 related    increase    in    the    number    of pharmacokinetic 

studies require suitable techniques for high throughput 

analysis. In addition to a number of assays based on 

optical measurement, mass spectrometry is gaining in 

importance for pharmacokinetic studies as this technique 

15 can    provide    sensitivity    combined    with    speed, mass 

selectivity and structural information. High throughput 

electrospray/MS systems predominantly utilize the flow 

injection mode of operation. In this injection method, 

a zone of sample is introduced into a stream of a 

20 carrying   fluid    (fluid   sheath)    for   transport   into the 

electrospray source for ionization and analysis. 

Typically, a modified liquid chromatography fluidic 

system is used for the task. Since a flow injection 

system consists of a number of relatively long 

25 connection  tubes,   relatively   large   sample   volumes are 

required for analysis. Frequently, more than 10 yL of 

sample is consumed per analysis, although only a 

fraction of this amount is required to be electrosprayed 

to generate useful information. One analysis cycle 

30 consists  of  system  loop  filing,   injection/analysis and 

washing. After the analysis, the whole fluidic system 

must   be   washed   to   prevent   contamination   of   the next 
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injected sample. Typically, analysis cycles of 40-60 sec 

can be achieved, but the time for actual analysis and 

data collection will only be a few seconds, as most of 

the cycle time will be used for system flushing. Thus, 

the main disadvantage of the flow injection system are 

large sample volume consumed; low duty cycle as a large 

part of the analysis time is lost during the system 

washing; time for analysis limited by sample loop size; 

and limited use of low volume microtiter well plates. 

The infusion system of the invention, schematically 

shown in Fig. 1, is based on the subatmospheric 

electrospray interface described in pending U.S. 

Application No. 08/784,400, the whole of which is hereby 

incorporated by reference herein. The system of the 

invention is useful, e.g., for high throughput ESI/MS 

analysis of small (submicroliter) sample volumes without 

the abov-mentioned limitations. Referring to Fig. 1, 

the system of the invention consists of a microtiter 

well plate 2, vertically arranged on an XYZ stage 1 and 

interfaced to an ion trap mass spectrometer by a fixed 

subatmospheric ESI-microsprayer 4. The infusion flow is 

achieved through the application of a vacuum inside the 

spray chamber. A simple flow through wash reservoir 3 

is inserted between the ESI-interface and the microtiter 

plate, allowing for external as well as internal washing 

of the infusion capillary. Wash reservoir 3, machined 

from a Teflon block, is connected by Teflon tubing to a 

syringe pump containing the appropriate wash solution. 

The infusion capillary passes through the opening of the 

wash   device   reservoir,    thus   allowing   back   and forth 
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movement   of   the   wash   device   over   the   inlet   of the 

infusion capillary. 

The system uses one capillary  (e.g,   10 mm - 10 cm, 

with an id of 10-100 pm)   for both the sample aspiration 

5 and      electrospray      ionization.       Alternatively, the 

electrospray chamber can be operated at atmospheric 

pressure, and the sample flow generated by pressurizing 

the sample inlet side. As shown in Fig. 2, by 

positioning the microtiter well plate vertically, the 

10 length      of     the      sampling/ESI      capillary     can be 

significantly reduced, resulting in lower sample 

consumption. Once this capillary is dipped into the 

sample, the lower pressure in the ESI chamber will cause 

sample flow. The ESI capillary is connected to a high 

15 voltage power supply that results in electrospray of the 

sample at the tip. The capillary remains in the sample 

vial and continuously feeds sample tot he mass 

spectrometer until sufficient information is obtained, 

and the stage then moves to the next sample position for 

20 the  next   analysis.   To  avoid  contamination  of  the next 

sample, the ESI capillary is washed in a flow through 

reservoir during the sample position change as shown in 

Figure 3. A computer-controlled valve can be used to 

adjust the pressure in the ESI chamber to control the 

25 sample and washing fluid flows, respectively. 

Since    the     internal    volume     of     the sample/ESI 

capillary  is  only a  few  nL   (10-200),   very  small sample 

amounts   are   consumed.    At   the    same   time,    the useful 

signal  can be  observed as  long   as   required,   since the 

30 sample is not carried into the electrospray as a zone in 

the  mobile   phase,   but   delivered   as   a   continuous flow 
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directly from the sample vial. Very high duty cycle 

(over 80%) can be obtained and sample throughput of more 

than one sample per 5 seconds can easily be achieved. 

Since the useful MS signal can be observed as long as 

the ESI capillary is in the sample well, a simple 

control software can be used to decide if MS/MS analysis 

is required. There is no need for a new sample injection 

or flow programming which would be required in a 

conventional flow injection system. 

As a logical extension of the technique, one can 

also envision that the electrospray capillary be 

substituted by a miniaturized separation system. For 

example, a separation column or a microdevice (lab-on-a- 

chip) suitable for sample preparation and separation 

(CE, CEC, LC, lEF) can be used in place of the sampling 

capillary for multi-dimensional analysis of complex 

mixtures. 

The practical use of microfabricated-microfluidic 

devices requires reservoirs for storage of chemical 

reagents, electrolytes and samples to be analyzed. The 

devices currently under development typically integrate 

such reservoirs directly on the microfabricated device 

(typically made of glass or plastic) , mostly in the form 

of holes drilled into the surface of the microdevice. 

Such a design is suitable only for disposable 

microdevices since such reservoirs have limited volume 

and cannot be easily replenished after the analysis. At 

the same time, the fabrication procedures (drilling and 

gluing)  increase the cost of the microdevice. 

For   devices   intended   for   repetitive   analyses or 

handling of different sam^ples,  the volume of the on-chip 
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reservoirs would likely not be sufficient. 

Additionally, the small volume of the on-chip reservoirs 

may suffer from adverse effects of evaporation and 

electrolysis when electrokinetic transport is used. 

5 Thus,   in another aspect,   the invention is also directed 

to a new system consisting of a microfabricated device 

and an external manifold of electropneumatic reservoirs. 

One embodiment of the system of the invention (designed 

for capillary electrophoresis with a liquid junction 

10 interface)  is shown in Fig. 4. 

Referring    to    Fig.     4,     in    the    system    of the 

invention,    a   plastic   manifold   1    of electropneumatic 

reservoirs,  with attached electrodes 2,  serves also as a 

mounting base for microdevice 3.    A sample is introduced 

15 into  the microdevice  via  a  sample   inlet  7.     The fluid 

connection between reservoirs in the manifold and the 

microdevice is facilitated by channel openings 4 on the 

edge of the microdevice 3, and sealing is achieved by 

miniature o-rings 5 placed into the grooves 6 of the 

20 manifold.       This   arrangement   eliminates   the   need for 

drilling holes into the microdevice and can be used 

universally for practically all microdevice designs with 

single or multiple channels. The example in Fig. 4 is 

designed for off-chip transport, via an electrospray 

25 interface,     and    subsequent     detection;     however, the 

identical system can be used for any other application 

of a microfluidic device with on- or off-chip 

fluorescence, (UV, electrochemical, conductivity, etc.) 

detection. If electric connection is required without 

30 liquid     transport     between     the     manifold     and the 

microdevice,  a piece of a membrane can be placed between 
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the microdevice and the o-ring. Such a membrane can 

also serve as a selective barrier for ions of desired 

properties - size, affinity, etc. or can be used for 

sample preconcentration and/or delivery of chemical 

reagents      Such an arrangement is shown in Fig. 5. 

Fig. 5 shows a channel 1 on the microdevice 

separated from the plastic manifold 2 by a membrane 3. 

The leak-free sealing is facilitated by an o-ring 4 

placeg between membrane 3 and the plastic manifold 2. 

If the membrane is permeable to the solvent, it can also 

be used for osmotic or electroosmotic pumping of the 

liquid from (to) the external reservoir to (from) the 

channel on the microdevice. The osmotic pumping would 

be initiated by a difference in the chemical potentials 

of the liquids in the microdevice and the external 

reservoirs. For electroosmotic pumping, the membrane 

should have a surface charge (ion exchange membrane). 

In such a case, the liquid flow can be initiated by 

application of an electric field on the membrane. 

The disclosed device has been successfully applied 

for analysis of proteins, peptides and chemical 

libraries. An example of the analysis of the protein 

tryptic digests is in Fig. 6, which shows an example of 

eight consecutive CE separations of protein digests with 

the microfabricated system described in this disclosure. 

The separation channel was washed after each analysis. 

Detection was by ESI/MS. 

The described design will be useful for all 

applications where the capacity of the on-chip 

reservoirs is insufficient for practical use and where 

pneumatic  fluid control is  required.     Such applications 
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include, but are not limited to, sample fraction 

collection,   drug screening,   flow cytometry,   protein and 

DNA analysis. 

The   following  examples  are  presented  to illustrate 

5 the advantages of the present invention.    These examples 

are not intended in any way otherwise to limit th^ scope 

of the invention. 

EXAMPLE I 

IQ High Throughput Microtiter Plate Electrospray 
Mass Spectrometry Infusion System 

The   described   system    (Fig.    1)    is   based   on the 

coupling   of   commercially    available   microtiter plates 

15 (96/384/1536   etc.)    to   a   subatmospheric   ESI-interface, 

allowing for sample introduction into the mass 

spectrometer without the use of an external pressure 

source. The samples are stored in a microtiter plate, 

arranged   vertically  on  a   three  dimensional translation 

20 stage   in   front  of  the  sampling  interface.   The infusion 

system was successfully applied to the purity and 

identity control of combinatorial libraries. Sample 

turnaround times of 5-10 sec/sample, with 100 nL sample 

consumption per analysis,  were achieved.  Applications in 

25 combinatorial  chemistry,   such  as mass  identity analysis 

for HPLC fractions, as well as raw synthesis products 

are shown. 

Instrumentation 

30 The   infusion  system  consisted  of   a  motorized XYZ- 

stage that positioned a sample containing microtiter 

plate in front of a subatmospheric microsprayer. Samples 

were   introduced  directly   into   the  microsprayer, formed 
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by  a   short  piece   of   fused  silica  capillary   (7   cm, 27m 

ID,    365   m   OD)    obtained   from   Polymicro Technologies 

(Phoenix,  AZ) .  The  spray tip was etched by concentrated 

HF solution.    The motorized XYZ-stage was assembled from 

5 3   individual   Posi-drive   stages    (Deltron,    Bethel,    CT) , 

connected to NEMA size 23 stepper motors (AMSI Corp., 

Smithtown, NY ) and high speed chopper drivers for the 

stepper motors   {T^SI Corp.). 

The    subatmospheric    ESI-microspray    interface and 

10 washing  device  were  designed  in  house.   The   wash device 

was machined from Teflon, and attached with an aluminum 

extension arm to the Z stage. High voltage was achieved 

by contact through a stainless steel electrode in the 

wash solution.  Vacuum was controlled with  two pneumatic 

15 switches    (NV   J   114,SMC,    Indianapolis,    IN).    A LabView 

(National Instrument Corp., Austin, TX) software program 

controlled automatic as well as manual operations of 

translation stage and pneumatic switches. 

20 Mass Spectrometry 

Electrospray    mass    spectra    were    acquired    on a 

Finnigan LCQ ion trap mass spectrometer   (San Jose,   CA) , 

equipped   with    an    ESI    source.    The    conventional ESI 

assembly was replaced with the subatmospheric microspray 

25 interface for sample delivery placed in the  axis 2-3 mm 

from the heated capillary (held at 200 C) . Solutions 

were sprayed with a potential of +2 kV. Data acquisition 

was performed in the full scan mode (m/z: 200-2000), and 

in the MS/MS mode for cross contamination studies. 

30 

Materials 
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Angiotensin standards  and verapamil  were purchased 

from   Sigma    (St   Louis,   MO) .    HPLC   grade   methanol and 

acetonitrile    were   obtained    from   Fisher    and glacial 

acetic acid was obtained from J.T.  Baker   (Phillipsburg, 

5 PA) .    Deionized    water    was    generated    in    house with 

Millipore Alpha Q water purifier (Millipore, Medford, 

MA) . Combinatorial HPLC fractions from ArQule (Woburn, 

MA) as well as raw synthesis samples from CombiChem (San 

Diego, CA) were received in deep well 96 microtiter 

10 plates. 

Sample Preparations 

Angiotensin standards:  A stoclc solution of  1 mg/ml 

angiotensin in water was made up and diluted to a final 

15 concentration of 0.05 mg/mL in 50%   (v/v)  methanol, 49.5 

%  (v/v)  water and 0.5%  (v/v)  acetic acid  (v/v/v). 

The  samples  obtained  from ArQule   were  prepared as 

follows:   96 well plate:   10 L of original  sample   (  ~ 80% 

(v/v)   acetonitrile/   -   20%    (v/v)   H2O/   -1-2%    (v/v) TFA) 

20 diluted   with   10   L   of   100   %    (v/v)    acetonitrile and 

transferred by an 8 channel pipette into a conical 

shaped PCR plate. The samples obtained from CombiChem 

were prepared as follows: 96 well plate: 1 L of original 

sample (100 % (v/v) DMSO) were diluted with 99 L of 75% 

25 (v/v)   acetonitrile/ 24%   (v/v)   H2O/ 1%   (v/v)   acetic acid 

and transferred by an 8 channel pipette into a conical 

shaped PCR plate. 

Instrument Design 

30 The  system was designed  to  eliminate  all possible 

sources   of   dead   volume   present   in    conventional FIA 
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autosampler systems, e.g. transfer lines from microtiter 

plate to injector loop and from injector loop to MS. The 

design was based on a subatmospheric ESI-microspray 

interface, which operated unassisted, e.g. without 

5 external pressure source or sheath liquid.  The interface 

was similar to the ESI interface developed previously 

for CE-MS analysis. The device used consisted of a short 

(-7 cm) narrow bore (27m ID) fused silica capillary, 

incorporated  in  Plexiglas  housing.   The  capillary, which 

10 represented   spray   tip   as   well   as   transfer capillary, 

held a volume of ~ 70 nL, and the Plexiglas housing was 

cut to fit gas tight over the orifice of the Finnigan 

LCQ ion trap MS. The flow was generated through the 

pressure    difference   between   the    subatmospheric spray 

15 chamber    (outlet)    and   the   atmospheric   pressure   at the 

inlet of the capillary. Two computer controlled 

pneumatic pressure switches were used for rapid pressure 

changes in the ESI-chamber. Both switches could be 

individually  actuated,   resulting  in  a   zero   flow option 

20 and two  flow  rates  options   (Figure  2.3).   The  high flow 

rate, -IpL/min, was used for flushing of the ESI- 

capillary, and the low flow rate of < 250 nL/min was 

used for sample analysis. In order to maintain the 

transfer/spray    capillary   as    short    as    possible, the 

25 sample  containing  the microtiter  well  plate  was placed 

vertically in front of the ESI interface. Furthermore, 

to eliminate unnecessary sample transfer steps, the 

system was designed to support standardized microtiter 

plates commonly used in sample synthesis and processing. 

30 One   concern   with   arranging   the   m.icrotiter plate 

vertically was maintaining the sample  liquid inside the 
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10 

15 

sample well (i.e., no sample flow out of the well). As a 

test, the wells were filled with 100 L of the respective 

spray/sample solution and vertically arranged. The 

plates, covered with a thm PVC sealing film in order to 

prevent evaporation, were monitored for possible sample 

leakage over the period of one hour. The results of 

this test showed that common spray solutions, such as 

solutions of 75 % (v/v) methanol as well as pure 

acetonitrile,  showed no leakage. 

This experiment demonstrated that for V-bottom 96 

well plates the capillary forces and surface tension are 

sufficiently strong to retain common spray solutions 

inside the wells. The thin sealing film was also pre- 

pierced by razor blades before the analysis, as piercing 

of the film with the sampling capillary could 

contaminate or plug the capillary. The microtiter well 

plate was placed m front of the fixed subatmospheric 

sprayer, in a holder that was casted from epoxy, and 

then mounted on  a  computer  controlled three-dimensional 

20 translation stage. 

A   major   concern   in   high   throughput   analysis is 

cross    contamination    of    tne    sample    flow    path from 

previous    samples.    To   avoid   such   problems,    all parts 

which were  m contact with sample  solution,   such  as the 

25 inlet   of   the   capillary,   were   washea   on   the   inside as 

well on the outside of the capillary after each run. The 

wash device, shown in Fig. 3, was machined from a single 

Teflon block, with a flow-through channel coupled to a 

syringe pum.p. An opening was made perpendicular to the 

flow-throug.n channel, to allow the fixed sampling 

capillary to operate smoothly through the flow channel. 
30 
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The washma device was xounted on the Z-t rans .at ion 

stage, allowing bacK ana rortn movement over tne mlet 

cf the capillary. 

Sample Analysis 

As discussed m the Introduction, two different 

methods of infusion MS analysis are known: flow 

injection analysis or direct infusion analysis. The 

advantage of the instrument described herein is the 

ability to operate, fully automated, in both modes. Due 

tc the small size of the sampling/spray capillary and 

the possibility of varying the flow rate {70 nL total 

volume, flow rate 0 -1000 nL/min) , the system could be 

partially or fully filled, without large sample 

consumption or slow turnaround times. 

For the first experiment, the instrument was first 

set to run in the direct infusion mode. A 96 well plate 

was filled with solutions of angiotensin standards and 

infused directly into the ESI capillary. High sample 

flcv; was used for complete capillary filling. During 

this step, no signal was monitored, as the flow was too 

high to generate a stable unassisted micro-electrospray. 

After complete filling of the capillary, the flow was 

decreased to 250 nL/min, and the electrospray was 

stacilized within less than 1 second, yielding analyte 

signal. 

After complete filling, the capillary inlet entered 

the washing device while tne translation stage moved tc 

the next well. During this operation, data was acquirec, 

and the flow cf wash scluticn was maintained a- 25C 

nL/niin.    The   piuc    :f    infusec   wasn   liquid represented 
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about 30 nL (1/3 of the total capillary volume), and 

since the capillary was flushea with the new sample 

before the next analysis, no cross contamination of the 

mass spectra was observed. With ~ 2.5 sec/sample used 

5 for data acquisition,  the resulting duty cycle was ~ 30 

%, with a total sample consumption of about 100 nL. In 

the present system, the signal could be observed as long 

as desired, spending short time to acquire strong 

signals or a longer time to acquire weak signals of low 

10 concentration samples. Thus,  to increase duty cycle, the 

instrument had been set to run at a turnaround time of 

10 sec/sample. This timing resulted in 12 scans per 

sample and an increase in duty cycle to 40%. 

Direct infusion consumed -100 nL of sample per analysis, 

15 which was on the order of a micro FIA analysis. To 

demonstrate the instruments capability of the instrument 

to operate with even lower sample consumption  (~ 20nL 

sample),  a partial capillary filling method was 

developed. The flow rate for sample infusion as well as 

20 wash solution infusion was ~ 250 nL/min. After plug 

injection,  the capillary inlet entered the washing 

device,  and the translation stage moved to the next 

sample well. During this operation, data was acquired, 

and the flow of the wash solution was maintained at 250 

25 nL/min flowrate. The ESI-capillary was washed with about 

50 nL of wash solution (-2/3 of the total capillary 

volume). 
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While   the   present   invention   has   been   described in 

conjunction with  a preferred embodiment,   one  of ordinary 

skill,   after reading the foregoing specification,  will be 

able     to     effect     various     changes,     substitutions of 

30 equivalents,    and   other   alterations   to   the compositions 

and methods set forth herein. It is therefore intended 

that the protection granted by Letters Patent hereon be 

limited only by the appended claims and equivalents 

thereof. 



wo 00/62039 
PCT/USOO/09480 

- 23 - 

CLAIMS 

10 

15 

What is claimed is: 

1. An automated liquid handling infusion system 

cc-miprising 

a microscale sample holder, said holder configured 

for holding multiple samples, said holder being situated 

m   conjunction   with   a   positioning   system   capable of 

automated operation; 

a sample infusion capillary, said capillary having 

an inlet end and an outlet end, said inlet end of said 

capillary being in alignment with one of said multiple 

samples m said sample holder; and 

a source of positive or neoative pressure for 

applying said positive or negative pressure across said 

sample infusion capillary. 

2.      The liquid handling infusion system of claim ^, 

wherein said microscale sample holder is a microtiter 

20 well plate. 

2,      The liquid handling infusion system of claim 1, 

wnerem said positioning system is a computer controlled 

translation stage. 
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4.      The liquid handling infusion system of claim 1, 

wherein said sample infusion capillary is 2-200 mrr; long 

with internal diameter of 2-200 m.icrometers. 

5 5.      The liquid handling infusicn system of claim 1, 

wherein said sample infusion capillary is a capillary 

array for parallel infusion of several samples. 

6. The liquid handling infusion system of to claim 1, 

10         wherein said infusion capillary is configured for 

washing between analyses by a washing device. 

7. The liquid handling infusion system of claim 6, 

wherein a washing reservoir of said washing device is 

15 attached to the positioning system. 

8. The liquid handling infusion system of claim 6, 

wherein a washing reservoir of said washing device is a 

part of the sample holder. 

20 

9. The liquid handling infusion system of claim 1, 

further comprising a chamber coupled to the outlet end 

of said sample infusion capillary. 

25 IC.    The liquid handling infusion system of claim 9, 

wherein the pressure in 

tne chamber can be regulated. 

11.    The liquid handling infusion system of claim 9, 

30 wnerem the chamber is an electrospray chamber. 
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12.    The liquid handling infusion system of claim 9, 

wnerein the chamber is a cnamber for sample aeposition 

on a movable surface. 

5 13.    The   liquid   handling   infusion   system   of   claim 1, 

wherein said sample infusion capillary further comprises 

a separation capillary. 

14. The   liquid   handling   infusion   system   of   claim 1, 

10         wherein said sample infusion capillary is a channel in a 

microfluidic device. 

15. The   liquid   handling   infusion   system   of   claim 14, 

wherein said channel is open. 

15 

16. The liquid handling infusion system of claim 14 

where the said channel is filled with an adscrbant 

packing. 

20 1".    A liquid handling reservoir system comprising 

a microfluidic device, said device comprising 

multiple microfabricated channels, eacn said channel 

having an inlet end; 

a   detachable   reservoir   manifold   external   to said 

25 device,   said   reservoir   having   at   least   one   opening for 

fluid flow into and out of said reservoir, said 

reservoir positioned so that said reservoir opening is 

proximate to an inlet end of a microfabricated channel 

in said device  for fluid flow between said reservoir and 

30 said channel; and 
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a source or positive or negative pressure for 

applying said positive or negative pressure across saia 

system. 

5 If.    The reservoir system of claim 17,  wherein the 

volume cf the reservoirs is m the range of 10 to 10,000 

microliters. 

19. The reservoir system of claim 17,  wherein the 

10 detachable reservoir manifold provides both pneumatic 

and electrokmetic sample introduction. 

20. The reservoir system of claim 17,   wherein the 

detachable reservoir manifold allows washing of the 

15 channels on the microdevice. 

21. The reservoir system of claim. 17,  wherein the 

reservoirs of the manifold are separated from the 

microfluidic device by a semipermeable membrane. 

20 

22. The reservoir system of claim 17, wherein the 

membrane is used for electroosmotic pumping of the 

liquid to or from the manifold to the microfluidic 

aevice. 

25 

23. The reservoir system of claim 17,  wherein the 

membrane is use^ for sample preconcentration. 

24. The reservoir system cf claim. 17,  wherein the 

3C         membrane contains an immobilized reagent for sample 

modification. 
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25. The reservoir system zz claim 17,  wherein the 

reagent is an enzyme. 

26. The reservoir system cf claim 17,  wherein the 

reagent is forming a fluorescence label on the analyzed 

molecules. 
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